
Roles of Candida albicans Aspartic
Proteases in Host-Pathogen
Interactions

Mariusz Gogol, Oliwia Bochenska, Marcin Zawrotniak,
Justyna Karkowska-Kuleta, Dorota Zajac and Maria Rapala-Kozik

Abstract
Candida albicans—a common opportunistic fungal pathogen of humans—
causes serious, disseminated invasive infections (candidiases) executed due to
the action of several groups of virulence factors. One of the most critical is a
family of secreted aspartic proteases involved in the destruction of host proteins
and tissues. This chapter aims to characterize biochemical and structural
properties of these enzymes that determine their functions and summarize their
specific roles in the development and propagation of fungal infections. Candidal
aspartic proteases deregulate the host biochemical homeostasis, by impairing the
major proteolytic cascades such as the blood coagulation, the kallikrein-kinin
system, and the complement system, by unleashing the activity of host proteases
due to the degradation of specific endogenous inhibitors and by the inactivation
of antimicrobial peptides and proteins produced by host cells. The degradation of
important host proteins influences the fungal adhesion to the host cell surfaces,
promotes the subsequent tissue damages, and enables the further dissemination
of the pathogen. Confirmed multiple roles of candidal aspartic proteases in the
host-pathogen interactions during candidiasis qualify these enzymes as promis-
ing potential targets for novel antifungal therapies.
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1 Introduction

The current progress in the development of advanced health technologies, rescuing
critically ill patients, has inevitably led to a considerable increase in the number of
immunocompromised individuals who are particularly vulnerable to infections caused
by opportunistic microorganisms including pathogenic fungi [1]. The catheterization
and application of parenteral nutrition, hematologic malignancy, surgical treatments,
including those related to cancer therapy and organ transplantation, HIV infection, the
use of immunosuppressive therapies and broad-spectrum antibiotic treatment, as well
as inherited immunodeficiency, old age and prematurity, are the main risk factors
contributing to the development of opportunistic fungal infections [2–5].

The Candida spp. yeasts belongs to the most commonly identified fungal oppor-
tunistic pathogens of humans, responsible for serious, disseminated invasive infec-
tions [6, 7]. These fungi are also considered to be some of the major pathogens
responsible for nosocomial bloodstream infections associated with high mortality
rates in the range of 40–70%of infected patients [1, 2, 8].Candida albicans—themost
prevalent species from theCandida genus—is a part of normal humanmicrobiota as a
commensal microorganism that colonizes the skin andmucous membranes of the oral
cavity, gastrointestinal tract, or genitourinary system [9, 10]. The genital or oral
carriage of these yeasts is reported to be present in 20–65% of healthy individuals.
However, when the delicate balance between microbial colonizers and the host is
disturbed, Candida yeasts can cause annoying and painful superficial infections
including thrush, oral candidosis, or candidal vulvovaginitis that can affect consid-
erably large number of individuals colonized by these fungi [11–14].

The significant changes in the global distribution of particular Candida species
and diversified prevalence among different groups of patients have been noticed
over the last few decades [3, 15]. Despite the fact that C. albicans is still the major
infectious agent from the genus Candida responsible for approximately 50% of all
candidiases worldwide, other, so-called non-albicans Candida species have been
emerging as fungal pathogens of humans, attributed to an increasing share in the
overall number of candidal infections [16, 17]. This group includes mainly four
species—C. glabrata, C. tropicalis, C. parapsilosis and C. krusei—that greatly
differ in terms of the mechanisms of their pathogenicity [18].

Candida yeasts display a broad range of virulence attributes (Fig. 1) that allow
them to successfully colonize and invade the host organism. During the infection,
several mechanical, physical, and chemical protective barriers and biochemical
defenses have to be affected by pathogens [19].
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The candidal virulence factors primarily include two large groups of proteins:
(i) an abundant set of cell surface-exposed proteins (adhesins and invasins) [22–24]
and (ii) secreted hydrolytic enzymes such as lipases, phospholipases, and aspartic
proteases [25–27]. The presence of such molecules, in a combination with other
virulence-related fungal traits like a morphological polymorphism—i.e., the ability
of the fungus to grow as unicellular, ovoid yeast-like forms or as filamentous forms
(true hyphae or pseudohyphae)—the contact- and quorum-sensing, the phenotypic
switching (“white” ! “opaque”) and the biofilm formation greatly facilitates the
initiation of the first contact of fungal cells with the host, followed by further

Fig. 1 Involvement of C. albicans virulence factors and traits related to its pathogenicity in the
sequential stages of interaction with the human host during infection (based on [20, 21])
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dissemination within the human body and the subsequent development of infection
[28]. All of these features and abilities contributing to the fungal pathogenicity
work together to successfully combat or evade the host immune system and take
control of the processes involved in maintaining physiological homeostasis of the
host. In particular, the role of proteolytic enzymes in this phenomenon can hardly
be overestimated [21, 26].

2 The Family of C. albicans Secreted Aspartic Proteases
(Saps)

The proteolytic activity of C. albicans was first described in 1965 [29] and has more
recently been assigned to 10 secreted aspartic proteases (Saps). The open reading
frames (ORFs) for their genes, located on five different chromosomes, vary between
1173 and 1764 bp in length [26]. The products of their expression are preproen-
zymes longer by about 60–200 amino acids than active proteins due to the presence
of the N-terminal signal peptide and the propeptide, which are proteolytically
removed by the signal peptidase and Kex2 protease, respectively, during the
classical secretory pathway in order to form the final products with a molecular
mass within the range of 35–50 kDa [30, 31].

Although all C. albicans aspartic proteases are directed to the secretory pathway,
only Sap1–Sap8 are secreted in the form of soluble enzymes. The other two, Sap9
and Sap10, are equipped with glycosylphosphatidylinositol (GPI) anchor that
attaches them to the fungal cell wall or both, the cell wall and cell membrane [25,
32]. These enzymes are structurally similar to yapsins, proteases involved in
maintaining the cell wall integrity in Saccharomyces cerevisiae [32].

Within the C. albicans Sap family, three separate groups can be distinguished
according to the degree of amino acid sequence similarity [25]. Among them,
Sap4–Sap6 and Sap1–Sap3 represent the highest similarity degree (Fig. 2). The
expression of these proteases seems to be dependent on the specific morphological
form of the yeast, because Sap1–Sap3 are expressed primarily by the yeast-like
forms, whereas Sap4–Sap6 are characteristic for hyphal forms. Saps that belong to
these groups have a high sequence similarity to Sap8 which constitutes the third
group together with Sap7 that shares only 20–27% sequence identity with other
proteases and with Sap9 and Sap10 which are slightly closer homologs [30, 33].

3 Biochemical Properties of C. albicans Aspartic Proteases

So far, for four out of ten Saps of C. albicans, the crystal structures have been solved,
including Sap1 in an inhibitor-free form [34], the complexes of Sap2 with inhibitor
A70450 [35, 36] and benzamidine [37], Sap3 in the free form and bound with
pepstatin A [38], and the complex of Sap5 with pepstatin A [34]. The latter structure
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is presented in Fig. 3. All structurally characterized Sap isoenzymes show similar
features that classify them as pepsin-like aspartic proteases. These kidney-shaped
bilobed globular proteins predominantly consisting of b-sheets are clearly divided
into N-terminal and C-terminal domains, each providing one catalytic Asp residue,
belonging to highly conserved regions in aspartic proteases with the motifs
Asp-Ser-Gly or Asp-Thr-Gly and the disulfide bridge. Another conserved region that
overlaps the active center is a b-hairpin loop, commonly known as the active site
flap, which contains a catalytically essential Tyr residue. The disulfide bridges tie
together the N-terminal and C-terminal entrance loops. The presence of the
N-terminal entrance loop, consisting of 11 amino acids and specified as the second
site flap [39], distinguishes Saps from the other aspartic proteases [34, 38, 40].

In addition, the structural and conformational differences allow the Sap isoen-
zyme structures to be divided into distinct subgroups. The most significant differ-
ences between Sap1–Sap3 and Sap5 regard the substrate binding site pockets,
which have different characteristics, shapes, and sizes. On one hand, the S3 and S4
pockets, relatively large and with negative polar character in Sap1–Sap3, in Sap5
have a reduced size and the polar character is turned highly positive due to the
substitutions of Leu297 (Sap1–Sap3), Asp299 (Sap2), Asp120 (Sap2, Sap3), and
Gly299 (Sap1, Sap3) residues with Arg residues. On the other hand, the S2 pocket
is enlarged in Sap5 because of the replacement of Asn131 (Sap1, Sap2) with Gly.
The S1 and S2 substrate binding pockets in the central region of the enzymes show

Fig. 2 Dendrogram presenting the amino acid sequence similarity between the members of C.
albicans aspartic protease family (Sap1–Sap10). A close relationship of Saps to S. cerevisiae
yapsins (Yps) is also emphasized. The optimal pH for Sap action and the preferential hydrolysis
sites are also specified [25, 30]
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only a few differences, of which the formation of an extra cavity within the S1
pocket in Sap5 due to the substitution of Arg195 and Glu193 with Thr195 and
Lys193 is the most important. Another significant difference is a narrowed entrance
to the active site cleft in Sap5 relative to Sap1–Sap3 because the N-terminal loop in
the former has larger residues, such as Lys50, Trp51, and Arg52, pointing down
into the substrate binding cleft. Although the active site is strongly negative in all
isoenzymes, the overall electrostatic charge of Sap5 is positive while Sap1, Sap2
and Sap3 are negatively charged. The difference in overall electrostatic charge of
the molecule can underlie a rise of the optimal pH for Sap5 activity, compared to
Sap1–Sap3 [34].

The pH dependence of Sap enzymatic activity was characterized for recombinant
proteins [30, 42–44] as well as for Sap1–Sap3 purified from C. albicans culture
supernatants [45] and determined using resorufin-labeled casein [30, 42],
FRETS-25Ala library [30], bovine hemoglobin [43], bovine serum albumin [45],
and a peptide, histatin 5 (His5) [44]. The analysis performed in the broad range of
pH between 2.0 and 7.5 indicated that most of Saps displayed the optimum for

Fig. 3 Structure of the complex of Sap5 with pepstatin A (pepA). a The overall structure of the
Sap molecule, showing its kidney-shaped appearance and the predominance of b-sheets. The loops
tied together by the disulfide bridges are specified as the N-terminal entrance loop (cysteine
residues 47 and 59 showed as blue sticks) (N-ent loop) and the C-terminal entrance loops (cysteine
residues 256 and 294) (C-ent loops). b A close-up view of the active site with marked conserved
Asp32 and Asp218 residues and the disulfide bridge (Cys47 and Cys 59), Lys50, Trp51, and
Arg52 residues forming the N-ent loop directed to the active site cleft and the residues Thr222,
Ile223, Tyr225, Glu295, Arg 297, and Arg299 involved in substrate binding in the S4 pocket.
Yellow dashed lines indicate hydrogen bonds between pepA and residues that form the substrate
binding pocket. The figure was made with Pymol [41], PDB ID:2QZX
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proteolytic activities at pH 3.0–5.0 (Table 1), a feature typical for aspartic pro-
teases; however, slightly variable results were obtained by different research
groups. The pH optimal for Sap4–Sap6, Sap7, Sap9–Sap10 is less acidic, and the
enzymes are still active at neutral pH. Sap3 and Sap8 differ from other Saps in
showing substantial activity at pH 2.0. Interestingly, Sap8 shows the lowest pH
optimum of 2.5, whereas Sap7, which is the less related with other Saps, shows the
highest (6.5). The activity of all Saps, except Sap7, is inhibited by the classic
aspartic protease inhibitor, pepstatin A. It has been suggested that pepstatin A
insensitivity is due to the presence of Met242 and Thr467 residues which restrict
the accessibility of pepstatin A to the binding site [46]. The biochemical charac-
teristics of Sap isozymes are summarized in Table 1 [30].

Substrate specificities of all ten Sap isoenzymes (briefly summarized in Fig. 2)
were determined by using FRETS-25Xaa libraries [30] or distinct peptide substrates
[32, 43, 47]. A study of the substrate specificities at the P1 and P1′ sites for Sap1–
Sap3 and Sap6 [43] showed that P1′ specificities are generally broader than those
observed for P1. In general, Sap1–Sap6 and Sap8 have a broad substrate specificity
and, like other aspartic proteases, prefer to hydrolyze peptide bonds after
hydrophobic residues such as Leu, Phe, and Tyr, but also after positively charged
residues such as Arg and Lys. In contrast, Sap7, Sap9, and Sap10 have narrower
substrate specificities and prefer at the P1 site residues such as Met, Arg, and His
Sap9 and Sap10 perform hydrolysis after dibasic (LysArg, LysLys) or monobasic
(Lys, Arg) residues [32, 47], and almost all Saps hydrolyze peptide bonds before
Ala [30]. Based on the similarities and differences in substrate specificities, Sap
isozymes can be categorized into three groups [30]. Group 1 comprises Sap7 and
Sap10, and most notably differs from other Saps in terms of substrate specificity,
which here is narrowest. Sap4–Sap6 are categorized into group 2, and group 3
comprises Sap1–Sap3 and Sap8–Sap9, with a very similar, broad substrate
specificity.

Table 1 Biochemical properties of recombinant Saps [30]

Enzyme Sap1 Sap2 Sap3 Sap4 Sap5 Sap6 Sap7 Sap8 Sap9 Sap10

Molecular mass
(kDa)

36 36 37 37 37 37 47 35 53 45

Optimal pH for
hydrolytic activity

5 4 3 5 5 5 6.5 2.5 5.5 6

pH range for
activity

2.5–6.5 2.5–5.5 2–5 2.5–7 4.5–6.5 2.5–6.5 4–7.5 2–6.5 2.5–7 3–7

Pepstatin A
inhibition

+ + + + + + – + + +

N-glycosylation – – – + – + + + + +
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4 Functions of Saps in C. albicans Virulence

C. albicans exploits its proteolytic enzymes for host tissue invasion and inactivation
of the host’s immune defense, to establish fungal infection. These factors are
mandatory for the degradation of tissue barriers and acquiring nutrition at different
host niches [48]. The adaptation to the host environment and the propagation of
infections as well as further dissemination demand the involvement of the proteases
in, for instance, combating the host immune cells like neutrophils or mononuclear
phagocytes [49] as well as inactivating proteins of the complement system [50]. The
roles of Saps during host infection, in terms of interactions of these pathogen
proteases with major cellular, proteinaceous and peptide targets of the host, and the
further consequences of these interactions, are briefly summarized in Fig. 4, and
will be discussed in detail in the following subsections.

4.1 Expression of C. albicans Aspartic Protease Genes During
Candidal Infection

As the individual members of C. albicans Sap family play diverse roles during both
commensal and pathogenic interactions with the host, their genes are differentially
expressed at various body sites, depending on the type, phase, and site of the
infection [25, 51–53]. SAP1–SAP3 gene expression was detected in both yeast and
hyphal cells. SAP1–SAP3 genes, predominantly expressed during mucosal infec-
tions [51, 54], were suggested to be significant for infection process in general,
whereas the gene encoding Sap4, which belongs to the Sap4–Sap6 subfamily, was
expressed in the hyphal phase during the adhesion to and penetration of epithelial
cells [33, 52]. This Sap isoenzyme was suggested to be essential for the develop-
ment of systemic infections and to be involved in avoiding the immune response
[55]. In vivo, analysis of the expression of SAP1–SAP8 genes in oral candidiasis
[25, 51, 52] showed the highest frequency of SAP2 expression both in colonized
and infected patients. During oral infections, the expression of SAP1, SAP4, SAP7,
and SAP8 genes was also detected at a significant level [25]. In the oral reconsti-
tuted human epithelium (RHE) model, SAP1 and SAP3 expression was detected,
followed by SAP2 and SAP8 expression [57]. In contrast, in the RHE model of
vaginal candidiasis, SAP2 and SAP9 expression preceded SAP1 expression [58].
Nevertheless, in both oral and vaginal RHE models, SAP1–SAP3 and SAP9 con-
tributed to tissue damage [25, 58, 59]. In addition, an extensive expression of
SAP1–SAP3 and SAP7–SAP8 genes was observed in a model that mimicked
bloodstream infections [55, 60]. An investigation of SAP7 expression during C.
albicans adhesion to the intestinal human cells indicated a meaningful role of Sap7
during the initial adaptation of C. albicans to intestinal tract which decreased over
time [61]. Sap8 correlates mostly with oral or vaginal infections, with the expres-
sion of its gene detected in a RHE model together with SAP1–SAP3 [33]. SAP9 was
one of the most expressed genes in vivo during human mucosal infections and in
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oral RHE models [54] and detected in both infectious and commensal forms of C.
albicans. The Sap9 enzyme was suggested to play a role in the cell wall integrity, as
well as the efficiency of yeast cells in contact with the mucosal surface of the host
[32]. The clinical specimens of patients suffering from acute oral candidosis and
from a lesion of chronic oral candidosis showed the expression of SAP1, SAP2,
SAP3, and SAP6 genes [57]. The data regarding the expression of Sap-encoding
genes, involving human samples and animal models, are summarized in Table 2.

Table 2 Expression of Sap-encoding genes in humans and in animal models

Model Infection Proteases involved References

Mouse and
guinea pig

Systemic
infections

Sap4–Sap6 are involved in the progression of
systemic infection

[62]

Mouse and
guinea pig

Disseminated
infection

Sap1–Sap3 presumably play an important role
during disseminated candidiasis

[63]

Mouse Gastrointestinal
infection

Expression of SAP1–SAP3 is lower than that of
SAP4–SAP6

[64]

Mouse Disseminated
candidiasis

SAP1, SAP2, SAP4, SAP5, SAP6, and SAP9 are the
most commonly expressed Sap-encoding genes
within 72 h after infection

[65]

Mouse Disseminated
candidiasis

Sap1–Sap6 do not play a significant role in the
murine model of disseminated candidiasis

[66]

Mouse Keratitis
infection model

SAP6 is associated with corneal pathogenicity and
appears to be associated with morphological
transformation into invasive hyphae

[67]

Rat Vaginal
candidiasis

Proteases are actively secreted during rat vaginitis
and localized in the cell wall of C. albicans during
infection

[68]

Human Oral and
cutaneous
candidiasis

Expression of SAP1–SAP3 is higher than SAP4–
SAP6 in oral and cutaneous candidiasis

[52]

Human Vaginal
candidiasis

Expression of SAP2, SAP9, and SAP10 occurs in
the early stages of infection. Transcripts of SAP1,
SAP4, and SAP5 appear after 12 h, while SAP6-
and SAP7-transcripts were found in the late stages
of infection (after 24 h); SAP1–SAP2 play a key
role during infection

[58]

Human Oral candidiasis At least one of SAP1-SAP3 genes is expressed
during oral candidiasis

[59]

Human Oral and vaginal
candidiasis

SAP5 and SAP9 are the most highly expressed
Sap-encoding genes in patients with oral and
vaginal candidiasis

[54]

Human Oral candidiasis The presence of SAP1-, SAP3- and SAP6-encoding
genes in the case of the 29-year-old female patient
suffering from acute oral candidiasis and SAP2
gene obtained from an HIV-infected patient from a
lesion of chronic oral candidosis (the clinical
specimens)

[57]
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4.2 Degradation of Main Functional Proteins of the Host

A broad spectrum of host substrates hydrolyzed by Saps, identified in early studies,
included lactoferrin, lactoperoxidase, cathepsin D, albumin, hemoglobin, and the
extracellular matrix components such as keratin, collagen, and vimentin [25, 48].
Sap2, produced in high amounts by yeast-like forms of C. albicans, was shown to
contribute to the damage of mucin, the main component of protective layer for the
mucous membrane [69]. The degradation of mucin can facilitate not only the
penetration of mucous barrier enabling the further invasion of tissues, but can also
provide carbon and nitrogen required for fungal growth [70].

The activity of Saps also affects the structural integrity of the epithelium. During
the contact of C. albicans with the human oral mucosa, C. albicans uses its pro-
teolytic potential to degrade E-cadherin in epithelial adherent junctions. Studies
with protease mutant strains indicated that Sap5 is the major enzyme responsible for
this process [71].

The invasion of host tissue can also be facilitated due to the degradation of
proteinaceous components of subendothelial extracellular matrix, mainly laminin
and fibronectin. Their proteolysis could presumably be important in the process of
bloodstream penetration by the yeast [72]. Evidence suggested that strains that
possessed a higher proteolytic activity strongly adhered to epidermal keratinocytes
[73], corneocytes [74], and cells of the oral mucosa [75]. Although the role of Sap
activity in this process was partly confirmed with the use of the specific inhibitor,
pepstatin A, the mechanism of this effect was not fully elucidated. It was proposed
that the increased adhesion to host cells resulted from the Sap-dependent degra-
dation of certain host surface proteins which revealed additional potential binding
sites for C. albicans [56].

Presumably, Sap9 and Sap10 can also participate in the regulation of adhesion
due to the degradation of chitin synthases that participate in the process of cell wall
formation, and a number of yeast surface proteins such as yeast-form cell wall
protein 1 (Ywp1), agglutinin-like sequence protein 2 (Als2), and the protein
repressed during hyphae development 3 (Rhd3) [32, 47].

4.3 The Interaction of Saps with the Complement System
and the Antibodies

After invading host tissues, C. albicans encounters the innate immune system that
acts against the pathogen through numerous antimicrobial peptides, the complement
system, and specialized immune proteins and cells [50]. C. albicans aspartic pro-
teases can prevent or modulate the functionality of immunoglobulins, in particular
immunoglobulin A, resistant to the majority of bacterial proteases, which influences
the attachment of C. albicans to buccal epithelial cells [76, 77].

The components of the complement system involved in pathogen removal were
also shown to be targets of Saps [78, 79]. Sap1, Sap2, and Sap3 degraded com-
plement proteins C3b, C4b, and C5, preventing both phagocytosis and the final
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formation of the terminal complement complex (TCC) and thus the activation of the
selected mechanisms of the immune response [78]. Furthermore, Sap2 was able to
degrade factor H, a complement system controller whose binding to the surface of
C. albicans cells can increase the fungicidal response through bridging yeast and
host immune cells. The same protease could also degrade CR3 and CR4, and
FHR-1 receptor involved in the recognition of pathogens by the cells of the immune
system [80].

4.4 Propelling the Host Proteolytic Cascades: The Kinin
Production and Clot Formation

During fungal cell proliferation and further dissemination, Saps are able to degrade
important components of proteolytic cascades involved in maintaining the bio-
chemical homeostasis of the host organism, including proteins that comprise the
contact system (i.e., the surface-activated kinin-generating system in plasma) and
the blood clotting pathways [78, 80–83].

Primarily aimed at effectively defending against microbial infections, the acti-
vation of the contact system that results in the production of kinins can also, to
some extent, be beneficial for pathogens [84]. The kinins are vasoactive peptides
[85] and play an important role of inflammation mediators [86]. The increased
permeabilization of blood vessels caused by kinins can not only support the
migration of immune cells but can also increase the availability of nutrients for the
pathogens and the possibility of disseminating the infection [87]. The contact
system consists of two initially inactive serine proteases—factor XII and plasma
prekallikrein—and a non-enzymatic protein, high-molecular-mass kininogen (HK).
The factor XII is activated on a contact with negatively charged cell surfaces and
subsequently activates prekallikrein. The active kallikrein releases a kinin—the
nonapeptide bradykinin—from HK [88]. Kinins can also be released from the
low-molecular-mass kininogen (LK), which does not belong to the contact system,
but serves as the substrate for tissue kallikrein [89].

During the infection, C. albicans can trigger the release of kinins indirectly, by
the activation of factor XII [90] or by direct action of Saps on HK molecule [81]. It
was reported that mixtures of proteases secreted into a growth medium by both
morphological forms of C. albicans released kinins from both HK and LK [81].
Studies with purified Sap2 confirmed its ability to release kinins from kininogens
and also clearly indicated that LK is a protein much more susceptible to the direct
proteolysis than HK [91]. The detailed analysis of LK degradation by all Saps
showed that the majority of proteases, except Sap7, are able to produce kinins [92].
Sap3 released Met-Lys-bradykinin—a peptide able to exert the kinin-like biological
effects through the activation of cellular kinin receptors—to a very high yield. Other
Saps (except Sap9) could produce small amounts of the same kinin and bradykinin
but primarily generated peptides comprising a kinin sequence extended at N- and/or
C-termini. These peptides could be further processed by the action of Sap9,
resulting in an efficient production of Met-Lys-bradykinin. The cooperative
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degradation of kininogens by several Saps can be exploited by C. albicans to
produce an optimal amount of kinins at the site of the infection. However, Sap9
alone released des-Arg1-bradykinin, a peptide devoid of kinin-like biological
activity [92].

The activation of coagulation factor XII by Saps can also initiate the process of
blood clotting; however, this protein is not the only component of the cascade that
is susceptible to a limited proteolysis by Saps. The process of fibrin clot formation
can also be assisted by the Sap-dependent activation of factor X and prothrombin.
A contribution of Saps to the development of the fibrin clot may underlie the septic
coagulation and an insufficient peripheral circulation during infections [83, 93].

4.5 Deregulation of Host Proteases by Degradation of Their
Inhibitors

Saps are able to degrade proteinaceous inhibitors that control the activity of main
proteases of the host. Sap2 was shown to cleave a2-macroglobulin [94], cystatin A
[95], and a1-protease inhibitor (A1PI), the latter also being susceptible to the action
of Sap1, Sap3, Sap 4, and Sap9 [96]. By impairing the enzyme-inhibitor balance
through the inactivation of the inhibitor molecule, Saps can indirectly contribute to
the destruction of host tissues, supporting the process of infection. For instance, it
was shown that the proteolytic cleavage of A1PI may assist in damaging epithelial
and endothelial cells, caused by neutrophil extracellular traps (NETs). NETs are
defense structures composed of DNA and microbicidal molecules released from
neutrophil after a contact with a variety of microorganisms and molecules, which
appear in response to infection, such as interleukin 8 (IL-8) [97]. Pathogens located
within the NETs are exposed to direct contact with microbicidal molecules
including neutrophil elastase (NE). The degradation of A1PI contributes to unre-
strained NE activity, which might lead to the damage of host tissues, thereby
supporting the colonization of the host by C. albicans cells that survived despite the
killing properties of NETs. Furthermore, the degraded inhibitor had a reduced
ability to complexation of IL-8 which can contribute to the increased influx of
neutrophils to the site of infection and the progression of NET formation [96].

4.6 Interaction with Host Cells

The first host cells that come into contact with C. albicans but play an important
function in preventing the fungal invasion are epithelial cells. Saps probably assist
the adhesion of fungal cells to epithelium, acting as a ligand for the host cell
receptors or modifying the surface components of both types of cells to allow for
better interaction [25]. The E-cadherin cleavage by Saps resulted in epithelial
integrity destruction and an increase of monolayer permeability [71, 98].

Sap4-Sap6 have the ability to bind to epithelial surface integrins. This interac-
tion, mediated by Sap amino acid motif RGD/KGD, enables the internalization of
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proteases to endosomes and lysosomes by a still unknown mechanism. The location
of these proteases in acidic interior of lysosomes leads to their activation, resulting
in a partial permeabilization of the lysosome membrane and a subsequent caspase
activation [99]. This kind of apoptotic pathway has been well established and
occurs in many pathological conditions [100].

Proteases of C. albicans have the ability to induce cytokine expression by host
cells. An increase in the production of interleukin-1b (IL-1b) and tumor necrosis
factor (TNF-a) was observed in the macrophages after stimulation with Sap1–Sap3
and Sap6. Additionally, all these proteases except Sap3 increased the secretion of
IL-6. The induction of cytokine secretion appeared to be regulated by the
Akt/NF-jB activation and was independent of the Sap enzymatic activity [101]. It
was also shown that aspartic proteases expressed by both morphological forms of
C. albicans were able to produce IL-1b by direct, limited proteolysis of its pre-
cursor [102].

The formation of mature interleukin requires the involvement of
apoptosis-associated speck-like protein (ASC), pro-caspase-1, and activated
NLRP3 inflammasome, which is a pro-inflammatory complex presented in the
monocytes, monocyte-derived macrophages, and dendritic cells (Fig. 5). It was
shown that Sap2 and Sap6 were able to stimulate this inflammatory process,
undergoing an internalization via the clathrin-dependent mechanism [103].

Fig. 5 NLRP3 inflammasome activation by Sap2 and Sap6 that leads to IL-1b and IL-18
production [103 modified]
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At the place of infection, the fungal pathogens are faced with locally presented
or attracted phagocytes, mainly neutrophils and macrophages. Regardless of their
efficiency, C. albicans cells have developed several mechanisms to evade phago-
cyte control, with the engagement of proteolytic enzymes (see the reviews: [104,
105]).

Neutrophils, equipped with many receptors sensitive to fungal
pathogen-associated molecular patterns (PAMP), are the main immune cells
involved in the host defense against C. albicans. These phagocytes migrate to the
place of the fungal infection across Sap concentration gradient, in a dose-dependent
manner [106]. The chemoattractant properties of those proteases, confirmed in a
study of Candida mutant strains with selective deletion of Sap genes, were
attributed to Sap9 [107]. The influx of neutrophils to the place of infection was also
confirmed in vivo, in a mice model, in response to Sap2 [108].

Saps can also influence the ROS production by the activation of neutrophil
oxidative burst, as was deduced from an observed decrease of ROS formation
during the contact of neutrophils with C. albicans mutant strains with deleted
Sap9-encoding gene [107]. Both processes seemed to depend on Sap proteolytic
activity, because enzymatically inactive Saps did not cause neutrophil activation
[108]. A further stimulation of neutrophils with Sap9 also triggered the apoptosis of
these cells [107]. On the other hand, independently of their enzymatic activity, Saps
induce interleukin release by epithelial cells. Interleukins, especially IL-8, are
chemoattracting agents for neutrophils; therefore, inactive Saps can also indirectly
modulate the influx of neutrophils to the infection foci [109].

The formation of NETs, composed of decondensed chromatin incrusted with a
subset of granular proteins, is a relatively recently recognized mechanism used by
neutrophils to capture and kill the microbial pathogens outside of the phagocyte
cells [110]. We recently found SAP genes to be overexpressed in the yeast during
the contact with NET-forming neutrophils [111]. On the other hand, the SAP-
encoded proteins triggered the NET release in a dose-dependent manner, engaging
two different mechanisms, which depended on fungal morphology and correlated
with preference to secreted Sap type (Fig. 6). For Sap1–Sap2 and Sap8–Sap10, we
observed the release of NETs in a ROS-dependent way. Sap5 and Sap7 acted
similarly, but with lower efficiency. A ROS-independent mechanism of NETosis

Fig. 6 Sap treatment of neutrophils (a) activated the release of NETs with antifungal properties.
The visualization of NETs was performed with detection of DNA (Sytox staining, b) and histones
(staining with antibody against histone 3, c). Based on the authors’ unpublished data
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was observed for neutrophils treated with Sap4 and Sap6, for which the NADPH
oxidase inhibition only partially lowered the NET release (unpublished data).

4.7 Sap Impact on the Action of Antimicrobial Peptides
Produced by the Host

Besides degrading a vast number of the host proteins, the arsenal of ten C. albicans
Saps effectively degrades and neutralizes some of human antimicrobial peptides
(AMPs) which are key components of the innate immune system of the host, and
represent a first, primitive line of defense against attacks of a wide range of
microorganisms and are often called natural antibiotics.

It has been shown that C. albicans cells use Saps to hydrolytically inactivate
His5, a histidine-rich cationic salivary component that possesses potent antimi-
crobial activities, in particular against C. albicans [112]. The investigation of four
C. albicans aspartic proteases—Sap2, Sap5, Sap9, and Sap10—showed that His5 is
effectively cleaved by all these enzymes except Sap5 and that the main protease
responsible for His5 degradation is Sap9. A recent study expanded the known
characteristic of His5 degradation on all ten C. albicans proteases using peptide
chemistry methods [44] and indicated that seven Sap family members (Sap1–Sap4
and Sap7–Sap9, used as recombinant proteins) could rapidly degrade this salivary
AMP under conditions corresponding to the oral cavity environment.

Human cathelicidin LL-37 was another human AMP shown to be prone to
Sap-dependent degradation and inactivation [111]. This cationic a-helical AMP with
antimicrobial and immunomodulatory properties [113], constitutively expressed in
epithelial cells and the cells of the innate immune system such as human neutrophils,
was cleaved into multiple products by six Sap enzymes, Sap1–Sap4 and Sap8–Sap9.
The progress of degradation deprived this peptide from its fungicidal activity, thus
enabling the pathogen to survive and propagate despite presence of AMP.

Nonetheless, at the initial stages of Sap treatment of two peptides, LL-37 and
His5, truncated derivatives—LL-25, LL8-37, His-21, His-17, and His-13—that still
possessed some antifungal activity were produced and, therefore, the body’s first
line of defense against the infection was initially sustained [44, 111]. However, the
LL-25 peptide, despite possessing antifungal properties, was devoid of the
immunomodulatory properties of full-length LL-37, i.e., did not affect the genera-
tion of ROS by neutrophils, lowered the chemoattractant activity toward neutrophils
by significantly decreased calcium flux and IL-8 production after neutrophil stim-
ulation, and also lost the function of an inhibitor of neutrophil apoptosis [111].

It was recently demonstrated [114] that Saps can degrade and inactivate two
antimicrobial peptides—designated NAT26 and HKH20—that can potentially be
excised from human kininogens by host proteases such as NE [115, 116]. The
NAT26, a helical and positively charged peptide responsible for the antimicrobial
properties of the domain 3 of LK and HK, was effectively cleaved by all Saps
except Sap10. In contrast, the HKH20, a histidine- and lysine-rich, positively
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charged peptide derived from domain 5 of HK, was completely cleaved only by
Sap9.

A susceptibility of human AMPs to Sap action is schematically summarized in
Fig. 7.

A detailed kinetic analysis of Sap-catalyzed degradation of LL-37 [111], His5
[44], and NAT26 and HKH20 [114] revealed that, despite the high hydrolytic
activity of these proteases in an acidic environment, most of them were able to
process the peptides over a broad pH range, with the highest activity at a neutral pH
for Sap3, Sap4, and Sap9. These findings suggest that proteolytic processing of
AMP can possibly proceed in the various niches of the body where C. albicans
reside.

4.8 Involvement of Saps in the Formation and Resistance
of Polymicrobial Biofilm

On mucosal or artificial surfaces, C. albicans forms three-dimensional polymicro-
bial communities with extracellular matrix layers also containing host immune
cells. Such a complex biofilm is highly resistant to the host’s immune activity and
antifungal drugs [117].

The role of Saps in biofilm formation is poorly recognized. In the simple arti-
ficial models, it was demonstrated that C. albicans biofilm secreted more Saps than
the planktonic counterparts [118]. In the oral mucosal epithelia model coinfected
with C. albicans and Streptococcus oralis, the microorganisms synergized to
activate the host enzyme, calpain 1, involved in the cleavage of epithelial junction
proteins and increased fungal invasion but the fungal protease activity was not

Fig. 7 Scheme presenting the places where AMP are prevalent in the human cells/tissues, with
the indication of C. albicans aspartic proteases capable of their degradation
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required for this affect [119]. In the study of a biofilm, formed by C. albicans and
oral streptococci, the cell wall-associated Sap9 was found to be required for the
control of hyphal filamentation of C. albicans, and for the regulation of mixed
species biofilm formation [120].

5 Secreted Aspartic Proteases of Other Candida Species
and Their Roles in Candidal Infections

Apart from C. albicans, three non-albicans Candida species possess in their gen-
ome the genes that encode secreted aspartic proteases: C. parapsilosis (SAPP1–
SAPP3), C. tropicalis (SAPT1–SAPT4), and C. dubliniensis (SAPCD1–SAPCD4,
SAPCD7–SAPCD10).

C. parapsilosis possesses three SAPP genes (SAPP1–SAPP3) and two SAPP2
homologs that demonstrate 91.5% amino acid sequence identity. To date, only the
products of SAPP1 and SAPP2 genes have been isolated and purified [121, 122].
Both Sapp1 and Sapp2 are extracellular enzymes; however, Sapp1 was also
reported to occur in a cell wall-attached form [123]. They have an identical
molecular mass of 37 kDa, and their amino acid sequence is 53% identical [124].
While the secretion of Sapp2 does not depend on the type of nitrogen source, the
production of Sapp1 is induced by the presence of protein in the growth medium
[121]. The optimal pH for Sapp1 and Sapp2 hydrolytic activity is in the acidic pH
range, and Sapp1 possesses a broad substrate specificity [121, 125].

Currently, the tertiary structures of Sapp1 and of one of the Sapp2 homologs are
known [122, 125]. During the maturation of proenzymes, they can be activated
autocatalytically or by the action of endoproteinase Kex2, and only removed
peptides possess potential glycosylation sites [124, 126].

It was reported that C. parapsilosis aspartic proteases demonstrated the ability to
degrade several host proteins, i.e., Sapp1 hydrolyzed IgA and activated pro-
thrombin and coagulation factor X, while Sapp2 degraded keratin and trypsinogen
[121, 127]; both proteases had the ability to generate biologically active kinins from
human kininogens [81, 128].

Sapt1 is the only secreted aspartic protease of the Sapt family that could be
successfully isolated from C. tropicalis cultures. The amino acid sequence simi-
larities between particular Sapts do not exceed 63% but they are closely related to
the enzyme produced by C. albicans, with Sapt1 showing a large similarity to Sap8,
while Sapt4 showed similarities to the Sap1–Sap3 subfamily [129]. A tertiary
structure of Sapt1 is already known [130]. The production of this enzyme can be
induced by the presence of an exogenous protein, such as bovine serum albumin, in
the culturing medium [131]. C. tropicalis proteases might be directly involved in
fungal invasion, with the destruction of the host tissues and degradation of the host
proteins, e.g., of the human kininogens with generating of kinin-related peptides
[81], and their activity may be also important for fungal cell adhesion and devel-
opment of the disseminated candidiasis in patients with leukemia and neutropenia
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[132]. However, the expression of the SAPT genes during the colonization of the
oral epithelium was not strictly correlated with the invasion [133].

C. tropicalis also produces tropiase, a protease that does not belong to the Sapt
family. In contrast to the previously described enzymes, tropiase demonstrates the
proteolytic activity in a broader pH range of 7–9 and is stable at pH between 3 and
12 and at high temperatures [134]. Tropiase is involved in the degradation of casein,
keratin, and collagen. Moreover, this enzyme also hydrolyzes a and b chains of
fibrinogen, but without demonstrated clotting activity and fibrin formation. Inter-
estingly, the purified tropiase possesses hemorrhagic and capillary
permeability-increasing activities which may highly contribute to the development
of candidiasis [134, 135].

Another non-albicans Candida species, C. glabrata, which is more closely
related to baker’s yeast S. cerevisiae than to other pathogenic species of Can-
dida genus, possesses in its genome at least 11 YPS genes which are similar in
structure to SAP genes [136]. The YPS-encoded proteins (yapsins) constitute a
family of aspartic proteinases with a GPI-anchor, involved in the maintenance of
cell wall integrity and cell–cell interactions. C. glabrata yapsins are considered to
have a strong structural similarity to Sap9 and Sap10 [32].

6 Fungal Aspartic Proteases as Drug Targets—Future
Application

From the perspective of Saps’ contribution to the fungal pathogenicity, they are
ideal drug targets, especially in the context of increasing resistance of C. albicans
strains against the commonly used antifungal agents. The inactivation of Saps could
successfully stop the infections on different levels correlated with the facets of the
infection process. They can be the targets for the process of tissue barrier degra-
dation, destruction of the host’s defense molecules, acquiring nutrients for pathogen
propagation, the adhesion, and biofilm formation on the host tissues or abiotic
surfaces [39, 137–140].

However, due to their wide substrate specificity and broad range of pH operation
[30], it is difficult to find a universal inhibitor, working with high efficiency.
Pepstatin A, the most popular inhibitor of aspartic proteases like pepsin and
cathepsin D, is also effective toward C. albicans Saps as was presented in many
in vitro studies [141]. In the model of human oral candidiasis, it was shown that the
inhibition of Saps with pepstatin A can influence the fungal adhesion and invasion,
associated with a reduction of tissue damages [142]. However, its inhibition profile
toward Saps is not universal. The activity of Sap9 and Sap10, GPI-anchored to the
fungal cell membrane, was only partially blocked by pepstatin A [47], and Sap7
was proven to be insensitive to pepstatin A [46]. Some researchers also suggested
that the effectiveness of pepstatin A action can be restricted to the used models or
conditions [143]. Moreover, the possible therapeutic application of pepstatin A in
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mice model failed due to its metabolism in the liver and rapid clearance from the
blood [144].

An interesting opportunity has opened for finding Saps inhibitors since an
observation of declined Candida infections in AIDS patients after the application of
antiretroviral therapy that included HIV protease inhibitors (HIV PIs). Since
Candida Saps and HIV proteinase belong to the same class of aspartic proteases, it
was postulated that HIV PIs can be also effective against Saps in vivo [36, 145].
Among analyzed compounds, ritonavir was the most potent inhibitor of Sap2, the
main candidal protease active in fungal infection, while saquinavir, indinavir, and
nelfinavir inhibited Sap2 activity with lower efficiency [72, 146]. The inhibitory
activity of these compounds toward Sap1–Sap3 and the attenuation of Candida cell
adhesion were observed in RHE model of oral candidiasis and in a model of
experimental rat vaginitis [147]. However, it is not clear whether the modulation of
Candida adhesion to epithelial cells, observed in vitro, results only from proteolytic
activity of Saps, that can affect some proteinaceous targets on the surface of
epithelial cells, allowing for better adherence of fungus to them. The current results
also pointed out a possible interruption of some specific interactions of aspartic
proteases, not connected with their enzymatic activity, with the host proteins
located on the surface of these cells. Such drugs, blocking the adhesion of Candida
cells, would be particularly attractive. However, this issue was addressed by only
one report for oral candidiasis [148].

Currently used antifungal drugs, which take advantage of their inhibitory activity
toward Candida aspartic proteases, do not satisfy the medical standards, due to their
potency, pharmacokinetic properties, and increased toxicity at higher concentration
[149]. Therefore, new sources of Sap inhibitors are being sought including pro-
grammed, variable domain antibodies, produced against Sap2, whose protective
properties were observed in experimental rat vaginal candidiasis [150]. Many
peptidomimetic inhibitors have been developed that are derived from the structure
of pepstatin A, which inhibited proteases of different Candida species [148]. Also
the molecular modeling and new key structural information about Saps’ active
centers have been adopted for a design and synthesis of new Sap inhibitors [151–
153]. Research was also focused on natural sources of inhibitors, including the
extracts of plants [154], bacteria [155], and marine organisms [156] or artificial
materials such as triangular gold nanoparticles [157].

The current progressive increase in fungal resistance to the available drugs, a
noticeable shift of the infection profiles toward non-albicans Candida species, as
well as the problems with toxicity and delivery of existing drugs to the place of
infection should prompt the search for various fungal targets. At this point, candidal
aspartic proteases, with their broad spectrum of engagement in physiological and
pathological processes, seem to be among the best candidates.
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